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1. Introduction
Monte Carlo-based simulations of radiation transport through biological tissues constitute an
important complement to experimental dosimetry for the assessment of radiation damage
in radioprotection as well as clinical applications such as diagnostics and radiotherapy.
In comparison with conventional dose calculation methods that combine empirical
data and deterministic algorithms, they offer significant improvements (Reynaert et al.,
2007) particularly in conditions involving inhomogeneous materials or geometrically
complex irradiation conditions. Therefore, various Monte Carlo (MC) codes oriented
towards radiotherapeutic (Berger & Seltzer, 1973; Kawrakow, 2000; Brown, 2003; Baro´ et al.,
1995; Agostinelli, 2003; Halbleib & Melhorn, 1984) and medical imaging (Jan, 2004;
Badano & Sempau, 2006) applications have been developed in the last decades. Those
programmes provide particle tracking making use of public reference databases such as
Storm & Israel (1970); Cullen et al. (1997); Hubbell et al. (1975; 1985); Perkins et al. (1991b);
ICRU (1984); Perkins et al. (1991a); Seltzer & Berger (1985) (for a summary, see table 1
in Verhaegen & Seuntjens (2003)) and include sophisticated elements that help reduce
calculation time, e.g. condensed-history algorithms. Additionally, electrons are usually forced
to instantly deposit all of their remaining energy below a certain cut-off value, further
speeding up simulations. Generally, energy deposition in a given volume is assumed to be
directly proportional to the number of ionization events that have been produced therein.
However, during the irradiation of biological tissues and almost irrespective of the incident
radiation quality, a considerable portion of energy dose is eventually deposited in the target
material by secondary electrons through multiple collisions. Only recent discoveries have
shown that molecular damage (e.g., molecular dissociations or strand breaks in DNA) can be
induced in biomolecules very efficiently even by sub-ionising electrons through molecular
resonances (Boudaı¨ffa et al., 2000; Huels et al., 2003) and dissociative electron attachment
(Hanel et al., 2003; Abdoul-Carime et al., 2004). In view of this, an interaction model capable
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of giving a realistic, physically meaningful description of the effective genotoxic damage
caused by the incident radiation in a biological tissue should improve on existing MC codes
in the following aspects:
– The simulation has to take into account the molecular nature of the absorber medium in
order to predict the physical or chemical alterations actually induced in its components. On
one hand, this means that input data for a given material can no longer be computed as the
sum of its atomic constituents, but needs to be supplied specifically for each molecule. On
the other hand, it implies that each collision has to be simulated explicitly (event by event),
without using approximations treating multiple scattering events as a single process. This
approach permits to obtain particle tracks with real nanometric detail.
– All different kinds of known inelastic collisions have to be considered in the interaction
model instead of restricting inelastic events exclusively to ionizations. Only by including
those inelastic channels, a complete picture of the effects induced in the irradiated medium
can be obtained. In particular, all relevant interaction mechanisms leading directly or
indirectly to molecular dissociations need to be taken into account. These include, amongst
others, neutral dissociation and dissociative electron attachment for causing chemical
alterations and radical formation (which, for the particular example of biological materials,
can ultimately lead to single or double breaks in RNA or DNA strands and protein
malfunctions).
– Finally, low-energy electrons cannot be ignored by the interactionmodel by applying cut-off
values. Electrons should be tracked until thermalization in order to include scattering
events that occur only at low energies, even below ionization threshold. By including this
amendment, also the circumstance that collectively, low-energy secondary electrons can
carry away a considerable amount of energy from the primary particle’s path and produce
interactions in the surrounding tissue is accounted for. Consequently, interaction data has
to be collected for this energy range, as well.
The global aim of a simulation fulfilling these requirements would be to predict radiation
damage in biological tissues at the molecular level, ultimately by calculating how exactly
specific proteins, DNA strands, or other functional elements are affected by irradiation in
particular conditions (nanodosimetric approach). At present, this objective is not resolved due
to the still scarce results on radiation-matter interactions for biomolecules. However, here we
present the code Low-Energy Particle Track Simulation (LEPTS) which has been specifically
designed by us as a tool for nanodosimetry that offers the improvements exposed above.
It distinguishes fine details in the electron interaction model and gives a molecular-level
description of the processes involved in radiation transport and energy degradation down
to about 1 eV. Furthermore, it is a flexible programme prepared to include the results of
new investigations as they become available through constant revision and maintenance of
the scattering subroutines and the underlying interaction data sets. Apart from electron
transport in irradiatedmaterials of biomedical interest, also positron interactions (particularly
interesting for imaging applications such as PET, positron emission tomography) can be
simulated with LEPTS.
2. Programme structure
The Monte Carlo code used in our simulations (Mun˜oz et al., 2005; 2007a) is a general purpose
code written in C++ that combines our own routines with existing MC programmes. It
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Fig. 1. Diagram depicting how LEPTS handles each collisional event.
uses geometrical and material definition facilities, sampling mechanisms, and graphical
output generation from the GEANT4 toolkit (Agostinelli et al., 2003) and is also able to
exchange information with PENELOPE (Baro´ et al., 1995). However, the programme core
which provides the functions dealingwith the physical interaction processes between incident
particles and the target material is LEPTS, the Low-Energy Particle Track Simulation. LEPTS
was developed by our groupwith the main purpose to improve on low-energy and secondary
particle interaction models offered by other existingMC codes by providing a molecular-level
description of each collisional event until thermalization using experimental input data
wherever possible. Currently, electron and positron transport is calculated by LEPTS, while
other radiation particles to be tracked in a target material (in particular, photons) are handed
over to the corresponding routine available through GEANT-4 or PENELOPE. This combined
approach offers the advantages of established radiation transport programmes for tracking
many primary particles — whose main effect is to release abundant secondary particles
with a certain energy range — in multiple materials on one hand. On the other hand, it
provides a complex description of electrons and positrons (whether occurring as primary or
secondary particles) including accurate modelling of low-energy processes on a microscopic
scale. In recent years, our efforts have centered on adapting LEPTS for use in biomedical
applications through the compilation of suitable input parameters and the inclusion of
interaction processes that are relevant in biological tissues (e.g., neutral dissociation or
electron attachment).
2.1 LEPTS
As has been explained before, the Low-Energy Particle Track Simulation is the central part
of our simulation code, the actual interaction model that handles low-energy particles and
especially facilitates the simulation of radiation interaction in biological materials (tissues,
relevant detector materials, important organic components etc.). It is currently used for
processing low-energy electron and positron interactions, typically in the energy range of
1eV up to 1keV. In order to offer a detailed description at the nanoscale, accurate physical
models and the selection of input data are equally important. The methods employed in our
interaction model for obtaining a realistic simulation at the molecular level are detailed below.
A scheme depicting how a radiation-matter interaction event is processed is given in fig. 1.
The criteria for input parameter selection will be explained in section 3.
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LEPTS is a full Monte Carlo simulation, meaning that each interaction event (collision) is
individually simulated starting with the position, direction and energy of the incident particle
and giving as an output its new coordinates and energy as well as the possible impact it
has caused in the respective molecule of the irradiated material. Unless the incident particle
has been absorbed by its interaction partner (for example, via attachment to a molecule
in the case of an electron or positronium formation for a positron), the radiation particle
after the collision (outgoing particle) is tracked through further scattering events until its
thermalization with the surroundingmaterial, at which point it finally deposits the remaining
energy. The alterations produced in the absorber, such as local energy deposition, molecular
dissociations, or the generation of secondary electrons, are registered by the programme
at its exact location within the volume simulated and are available for further analysis at
the end of the calculation. Additionally, any secondary particles produced (e.g. through
ionization) are always followed by the same means as primary particles until their absorption
or thermalization. Given that for most incident radiation qualities, the final energy deposition
in the medium is carried out by the multiple secondary electrons produced along the paths
of primary particles, this strategy represents a very accurate mode of assessing the radiation
damage inflicted.
In order to track an incoming particle, at first, the free path in the medium is sampled
according to the total cross section corresponding to its momentary energy. Only once
the location of the next collision is thus defined, the interaction model used by LEPTS
distinguishes two classes of scattering events: elastic and inelastic scattering. Partial cross
sections determine which kind of event is to take place and call the appropriate interaction
routine.
For elastic collisions, since no energy is deposited in the medium, the programme samples
the outgoing particle’s angle according to the distribution established by the corresponding
differential cross sections (DCS). In the case of inelastic collisions, different subprocesses
(with their relative frequency given by the corresponding partial cross sections) are available
depending on the type of incident particle, its energy, and the molecular species encountered.
For electron scattering, these processes can currently include ionization (with or without
Auger electron generation), vibrational and rotational excitation, electronic excitation, neutral
dissociation, and dissociative attachment. In the case of positrons, also positronium formation
and annihilation are simulated.
In the next step, the energy lost during the collision is determined. In the case of vibrational or
rotational excitations, a fixed value is assigned which only depends on the molecule that was
excited and which is calculated as the weighted mean energy of all known levels. For inelastic
processes involving complete absorption of the incident particle, the total remaining energy is
deposited at the interaction site. For all other inelastic channels, the energy loss is sorted from
the energy loss distribution taking into account the threshold applying for a given channel. If
different inelastic scattering processes can be clearly distinguished in the underlying energy
loss distribution (usually an experimental energy loss spectrum), this is previously split up in
order to obtain a specific distribution for each of the respective processes.
Subsequently, the outgoing particle’s direction is sampled using the following approximation
for the inelastic differential cross section. It has compared well to experimental inelastic
DCS for materials like water (Mun˜oz et al., 2008b) and improves upon other common
approximations such as isotropic scattering or using elastic angular distributions directly. For
use with LEPTS, the elastic DCS is represented as a function of momentum transfer k to the
molecular interaction partner (instead of the outgoing angle θ). Then, the inverse calculation
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is done, now taking into account the inelastic nature of the collision being simulated by
including an energy loss ∆E.
We thus obtain the outgoing angle after an inelastic scattering event from
cosθ =
p2 + p′2 − k2
2 pp′
(1)
where p and p′ are incident and final linear momenta, respectively, and the range of k is
restricted by k ∈ [p− p′; p+ p′].
If an ionization has taken place, a secondary electron is automatically generated and enters
the simulation with the energy lost by the primary electron less the ionization energy, moving
in the direction obtained when applying linear momentum conservation. Those secondary
electrons are then fully tracked in the same way as primary ones until losing all of their
energy or exiting the simulated volume. Finally, the interaction event has terminated and
the radiation particle is ready to enter the next collision.
Since LEPTS focuses on low-energy interactions, bremsstrahlung photon production is not
taken into account by the scattering subroutines currently used in our programme. This
circumstance is not expected to introduce observable errors in the applications considered
so far due to the relatively low particle energies. The maximum electron energy occurring in
the applications presented in section 4 is approximately 3.5 MeV, where the radiation yield
amounts to only 1.3 % according to data supplied by the NIST (Berger, 2000).
2.2 Information exchange with other codes
In our combination programme, a simulation is always launched using the GEANT-4 toolkit,
meaning that geometrical and material settings are defined there. The initial conditions
describing the incident radiation particles are however supplied by the user depending on the
situation simulated. In this way, different set-ups can be considered, e.g. parallel incidence /
point source / complex source shape, monoenergetic distribution / several discrete energies /
continuous incident spectrum, single particle type / mixed incident species, and so on. Once
an incident particle with its corresponding coordinates, direction, and energy is thus sampled,
other codes can be called for tracking. Electrons and positrons are generally handed over to
LEPTS, except for the purpose of comparison between different codes. PENELOPE can be
used for simulating photon transport. Other kinds of particles, including photons as well, can
be tracked by GEANT-4. Each code is used exclusively with their own, built-in databases.
During particle tracking, individual radiation particles are easily passed over from one
programme to another. If, for example, an incident photon undergoes photoelectric effect
and thus releases an electron from the absorber material, this is immediately passed over
to LEPTS for simulating its further trajectory. No distinction whatsoever is made between
primary and secondary particles, all of them being tracked until absorption or thermalization.
Therefore, the energy released in a single interaction by any primary radiation particle (in the
current example, a photon) when passing through a medium is effectively distributed among
the multiple collisions along the paths of the secondary particles generated (electrons) and
registered with its exact impact (type of damage induced, energy deposition) on the different
absorber molecules that are affected.
Through the assignment of different kinds of particles to a certain code for track simulation,
the present combined programme offers a solid base of input data and models plus punctual
improvements where needed (for our intended applications, the treatment strictly event by
event and the additional detail in the low-energy region). Continuous maintenance and
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improvement of LEPTS and its underlying databases ensure that we obtain an up-to-date,
versatile simulation model that adapts to multiple needs. Although in principle, the resulting
programme is applicable to all kinds of situations, its main advantage is to offer improvements
in the simulation of biological materials by accounting for recently discovered mechanisms of
radiation damage of great importance at low energies.
3. Input data requirements
It is obvious that an improvement of accuracy and detail in a simulation model has to be
accompanied by the corresponding revision and compilation of input parameters in order to
be effective. In the present case, particularly low-energy electron and positron interaction data
in materials of biomedical interest have to be collected. For each molecular component, this
includes total scattering cross sections, integral and angularly differential elastic CS, partial CS
for all known inelastic processes, and energy loss distributions (these may include continuous
or discrete spectra depending on the collisional process(es) considered).
The interaction database for a given molecular target is compiled by critically revising and
joining together published data, often completing them with our own measurements or
calculations. Generally, preference is given to experimental results for considering real-life
experimental conditions closer to the actual application than the rather idealized initial
conditions mostly assumed in theoretical investigations. For best reliability, data are selected
from sources that closely agree with other authors, if multiple results have been reported.
Theoretical data are referred to when no adequate experimental ones can be encountered or
as an additional orientation when different measurements are not conclusive. Mostly, they
serve for extrapolating experimental values in order to extend their energy or angular range.
Before a set of preferred values is definitely established for partial and total cross sections, a
sum check (verifying that for each particle energy, the elastic CS plus the sum of all inelastic
channels equals the total CS) is performed in order to test the congruency of the selected
data. This “quality assurance” procedure on the final interaction data set helps to reveal error
sources such as the inclusion of a single type of collisional event in different inelastic channels
(e.g., an electronic excitation and subsequent neutral dissociation of the molecule in principle
belongs equally to both partial cross sections) or the failure to discern different interaction
channels due to experimental restrictions (as occurs frequently with experimental elastic cross
sections that include rotational excitations because of their limited energy resolution).
For many materials, unfortunately the unavailability of sufficient data for all expected
collisional processes imposes the main restriction on the accuracy (and thus, also usefulness)
of a molecular-level MC simulation. While there are often extensive results on certain
processes like elastic scattering or ionization, others like rotational or electronic excitation or
even the total scattering cross section tend to exist only for special energy ranges (or certain
outgoing angles or excited levels) due to the technical challenge of their measurement or an
increased interest only in a particular state. Other channels, such as neutral dissociation,
dissociative electron attachment, or positronium formation in the case of positrons, have
been barely investigated for many molecules, leading to incomplete data sets that need a
considerable amount of extrapolation (which introduces additional uncertainties). This means
that while the simulation code can in principle model many kinds of interaction processes
(and, at a given point, is easily modifiable in order to incorporate additional ones) at the
molecular level, the computational detail attainable is as a matter of fact limited by the
availability of suitable and self-consistent input data throughout the desired energy range.
As a consequence, in the present state, LEPTS code does not distinguish the exact rotational
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or vibrational level after a respective excitation, and does account for the excitation of different
electronic states indirectly via the corresponding energy loss distribution. Ionization is always
considered to produce a single secondary electron, thus disregarding multiple ionization
processes. Also, as inelastic differential CS are only rarely reported (generally, for low energies
and even then only for specific conditions), the outgoing particle’s angle after inelastic
scattering events is approximated as described in section 2.1.
3.1 Data compilation: the example of electrons in H2O
In the following, data collection and selection is illustrated by the example of electron
interactions inwater, a relativelywell-studied case of electron-molecule scattering. Interaction
data compiled here were used for the recent simulations of radiotherapeutic applicators
presented in section 4.
3.1.1 Cross section data
The total and partial cross sections needed in order to simulate different electron scattering
processes in water were obtained from experimental results whenever possible. Total electron
scattering and integral ionization cross sections in water vapour were previously measured
in our laboratory between 50 eV and 5 keV (Mun˜oz et al., 2007b) with a transmission beam
technique and using synchronized electron and ion extraction pulses applied to the interaction
chamber, respectively. Below 50 eV, total CS data from Cˇurı´k et al. (2006) and Szmytkowski
(1987) were used. Electron-impact ionization cross sections below 50 eV were taken from
Straub et al. (1996). Integral electronic excitation CS have been derived from the electron
energy loss analysis carried out by Thorn and co-workers (Thorn et al., 2007a; Brunger et al.,
2008; Thorn et al., 2007b) from 15 to 50 eV and have been extrapolated down to threshold and
up to higher energies by assuming a double logarithmic dependence with energy. Vibrational
excitation and electron attachment cross sections were taken from the recommendations made
by Itikawa &Mason (2005).
For elastic collisions and neutral dissociation, integral cross sections were determined by
combining experimental data and our own theoretical calculations. These were carried
out with an optical potential method based on an independent atom approximation
including screening corrections. Further details regarding the calculations can be found
in Blanco & Garcı´a (2003a;b; 2007). The model approach considers inelastic scattering
as electron-electron interactions, consequently both vibrational excitation and electron
attachment are excluded. Thus, when subtracting the ionization and the electronic excitation
cross sections from the calculated integral inelastic cross sections, the resulting data
should correspond to neutral dissociation. The good agreement with experimental results
(Kedzierski et al., 1998; Harb et al., 2001) confirms this assignment. Elastic cross sections are
based on experimental data from Cho et al. (2004) but include a correction for contamination
with rotationally inelastic scattering. The CS values for rotational excitation are included in
simulations only when considering water in the gas phase. Further details can be found in
Mun˜oz et al. (2008b).
For high energies, the electron-molecule collision can be treated as a plane wave interaction
with a sum of atoms in the framework of the first Born approximation. Integral elastic
and inelastic interaction cross sections can then be represented by simple energy-dependent
formulae (Garcı´a & Blanco, 2000; Inokuti, 1971). For want of other data, this method was used
at energies ≥ 10 keV. Angular distribution functions for scattered electrons were taken from
our calculations, using the approximation described in section 2.1 for inelastic collisions.
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Fig. 2. Ru/Rh applicator used for the present simulation: (a) Scheme of the plaque placed
around the eyeball. (b) Photo of the CCX plaque (Bebig, Germany).
3.1.2 Electron energy loss distributions
Electron energy loss distributions in H2Owere measured by us in a transmission beam set-up
in order to assign the energy released in each electron-molecule interaction. After observing
that the energy loss distributions did not present significant variations (uncertainty ≤ 15%)
for incident electron energies in the range 50–5 000 eV, a unique (average) electron energy loss
spectrumwas used (Mun˜oz et al., 2008a). The mean excitation energy in water yielded by this
distribution is ≤ 34 eV for electron energies ≤ 500eV and rises to about 40 eV for energies
beyond the threshold for inner shell excitation/ionization.
4. Recent applications to radiotherapy
Radiotherapy of many tumours requires increased spatial precision due to the sometimes
small dimensions of the treatment volume and the close proximity of organs at risk. A high
accuracy energy deposition model might thus improve dose calculations (and, consequently,
treatment planning and outcome). Motivated by this, the MC simulation LEPTS has been
applied to determine the energy deposition in water of two radionuclides commonly used
in brachytherapy, ruthenium-106 and iodine-125. The electron transport model capable
of providing detailed information about secondary electron tracks, energy deposition and
interaction processes at the molecular level can yield a completer picture of radiation damage
in a biomedical context. In both cases, the radiation spectra emitted by the therapeutic
applicators were measured by us in order to provide realistic input data and to reproduce
incident radiation spectra accurately in the simulation. The localized dose deposition by both
radionuclides benefits treatment outcome by sparing healthy patient tissues while delivering
high doses to the clinical target volume. At the same time, these isotopes are suitable for
longer-term or permanent implants, assuring the radioprotection of medical staff and third
persons in close contact with patients.
The present simulations use data corresponding to a molecular medium in the gas phase
without correcting for any collective effects present in liquid water. However, based on the
very similar electron mass stopping powers obtained for water vapour and liquid H2O in
the keV range (Mun˜oz et al., 2007b), no major differences are expected when considering the
liquid phase.
4.1 Ocular brachytherapy with 106Ru
First, LEPTS is used to simulate brachytherapy of the eye with the beta-emitter 106Ru.
Uveal melanoma and other malignancies of the eye can be effectively treated by surgically
implanting a concave ruthenium applicator tightly around the eyeball. As the ocular medium
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Fig. 3. Beta emission spectrum of the CCX type ophthalmic Ru-106 plaque.
can easily be mimicked by water, it constitutes an excellent system for applying the present
simulation model with the interaction data set presented in section 3.1.
106Ru is a β-emitter (endpoint energy 39.4 keV) that slowly (T1/2 = 373.59 d) decays to
106Rh
with which it reaches secular equilibrium: it has a half-life period of 29.8 s before decaying
to 106Pd (stable) by different beta decays with a maximum energy of 3.541 MeV. Subsequent
γ emissions from palladium have a maximum energy of 1.5623 MeV. Other probable decay
energies are 2.407 MeV, 3.029 MeV and 1.979 MeV (β) and 511.86 keV, 621.93 keV and
1.050 MeV (γ) (data from the Lund Nuclear Data Service: Chu et al. (1999)). The combined
electron emission spectrum of the applicator for use in the simulation was determined
experimentally (Mun˜oz et al., 2008a) with a silicon detector and is shown in fig. 3. Note
that the lowest-energy electrons emitted directly from ruthenium are absorbed within the
applicator material, reducing the applicator’s effective emission to the keV–MeV spectrum
of its daughter nucleus rhodium.
Photon emission spectra that were measured with standard solid state spectrometers
(Mun˜oz et al., 2008a) in order to check for a possible contamination of the source revealed
gamma energies in excellent agreement with the disintegration scheme. However, in order
to quantitatively relate electron and photon radiation, relative intensities of the γ emissions
were taken from Chu et al. (1999).
Using a generic setup frequently found in brachytherapy of the eye with concave Ru/Rh
plaques (c.f. figure 2), radiation-induced processes in the volume of interest - the eyeball
approximated by liquid water - have been simulated. For this application, the incident
photons were simulated using the photon interaction processes integrated in GEANT4. Once
a secondary electron is generated, it is tracked using LEPTS. As the programme output,
we thus obtain the exact location of each interaction event as well as the type of collision
produced, the energy deposited, the change of momentum suffered by the particle, and the
energy and direction of the secondary electron produced in case of ionizations.
Figure 4 shows lateral and transversal sections through the energy deposition map calculated
after simulating approximately 2×106 primary particle histories (not taking into account those
tracks that leave the volume of interest in the opposite direction, without entering the eye).
(The applicator — not shown — is located to the left of the eyeball.) As expected for an
efficient treatment of uveal melanoma and other tumours that are located similarly, bordering
the vitreous humour, one obtains a steep dose gradient close to the applicator that becomes
285  a Radiation-Matter InteractionyModel at theMolecular Lev l and its Use in Biomedical Ap lications
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Fig. 4. Relative dose distributions produced by the 106Ru plaque in the eyeball simulated as
water (voxel size: 0.5× 0.5× 0.5 mm2). (a) Longitudinal section through the central axis of
the applicator with 200%, 150%, 100%, 75%, 50%, 30%, 20%, 10% and 5% isodose lines
shown. (b) Transversal section in 1 mm depth displaying 175%, 125% and 75% lines. (c)
Transversal section in 2 mm depth displaying 110% and 50% lines. The same colourmap is
used for all distributions.
flatter towards the centre of the eye. After normalization of dose to 100% in 2 mm depth, the
relative dose absorbed in the first voxel (0-0.5mm depth) amounts to 249%, then decays to
55% in 4 mm depth (all at central axis). The relative depth dose curve along the central axis,
applying the same normalization, is shown in figure 5. It can be seen that on one hand, the
dose gradient is very steep within the first fewmm inside the eye, but on the other hand there
is still a considerable amount of energy deposited in greater depths (approximately 16% in 1
cm depth and 4% in 2 cm depth). This is due to the applicator geometrywith a curved surface,
the greater penetration of incident photons (compared to electrons which account for the main
dose in the entrance region), and secondary electrons depositing small amounts of energy in
multiple collisions while slowing down continuously. Lateral dose profiles for many different
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Fig. 5. Relative depth dose deposited at the central axis of the water eyeball by a CCX type
Ru/Rh applicator. Normalization as in figure 4
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Fig. 6. Lateral dose profiles obtained for different depths in the eyeball (water sphere). Data
is normalized to 100% in 2 mm depth.
depths are presented in figure 6. They exhibit two pronounced maxima in the region close to
the applicator (up to 2 mm depth), reflecting its concave shape, an essentially flat central part
in 2.25 mm depth, and a single, broader maximum in greater depths.
In this application, an ophthalmic brachytherapy plaque placed around the eye has been
simulated by employing LEPTS for electron tracking and making use of the geometry
definition facilities offered by GEANT-4, as well as its photon interaction routines. When
comparing the dose distribution calculated with previous results obtained with PENELOPE
on similar applicators (Sa´nchez-Reyes et al., 1998), they seem to be consistent within the
first millimeters inside the eyeball. In depths ≥ 4 mm, the present simulation shows a
shallower slope and yields larger doses at the central axis. Two possible causes are the
additional dose delivered by the γ component — not accounted for in the other study —
which steadily gains importance for greater depths within the medium and differences in
the β spectrum used (theoretical vs. experimental spectrum). Finally, the differences in the
scattering model and/or the underlying interaction data set might be responsible for the
discrepancies encountered. A comparison of results obtained with PENELOPE and LEPTS
in identical conditions (plaque and eye geometry, incident spectra) would be needed in order
to confirm or discard the last possibility.
4.2 Brachytherapy with 125I seeds
Here we show en example of how LEPTS is combined with PENELOPE in order to simulate
the interaction of photon radiation with water. In particular, we investigate photon radiation
with an initial energy distribution as measured for 125I seeds that are used for radiotherapy
of prostate cancers but can also be employed for treating lesions affecting the eye. Therefore,
we do not assume any specific geometry here but center on an accurate representation of the
emitted radiation and its penetration in water.
For obtaining the incident radiation spectrum in this application, a solid state Si(Li)
spectrometer was used to determine the energy and intensity of the photons emitted by a
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Fig. 7. Photon emission spectrum of the Amersham Health model 6711 125I seed as measured
in perpendicular geometry. Gamma photons (35.49 keV) produced during 125I/125Te-decay
as well as the most intense Kα and Kβ X-rays of Te are observed.
125I brachytherapy seed (see fig. 7). 125I decays to the 35.49 keV state of 125Te by electron
capture (half-life: 59.408 days) with 100% probability. The subsequent relaxation of nucleus
and shell causes a gamma and X-ray photon emission which is considered as the primary
radiation in this model. A representative spectrum shows the γ peak and various X-ray lines
of tellurium in the range 27-32 keV. Additionally, X-ray lines between 22 and 26 keV with an
intensity comparable to some of the photons emitted by Tewere observedwhich are attributed
to silver (present as the core of the seed onto which the radioactive iodine is adsorbed). These
”contaminations” of the spectrum need to be taken into account for realistically modelling
applications in brachytherapy (Rivard et al., 2004), and are thus included.
Using LEPTS in combination with PENELOPE (as explained in section 2.2), we simulated the
interaction processes induced in water vapour when exposed to photon radiation according to
the emission spectrum presented above. The resulting interaction map with H2O molecules,
at a density similar to that of liquid water, is shown in fig. 8. Note that up to this point,
where exclusively interactions caused directly by photons are considered, only PENELOPE is
used. It can be observed that in the geometry used, the photon beam remains laterally well
defined, however some photon interaction events can be found even near the boundary of
the simulated volume and release secondary electrons there. Photon interactions are coloured
according to the type of event produced. Note that photoeffect (red dots) prevails for I-125
in water (which, for many purposes, is an acceptable approximation for human tissue),
indicating that the main effect of the incident photons is to generate high-energy secondary
electrons. These new electrons subsequently continue the energy deposition process by
undergoing multiple scattering events until their thermalization. In this “second generation”
of energy deposition events, PENELOPE is no longer involved, but electron-molecule
collisions are individually simulated by LEPTS. In figure 9, one photoelectron track shown
from its generation until complete thermalization, illustrates details of the energy degradation
mechanism. It can be seen which different inelastic interactions with target molecules the
secondary particle undergoes and how it deposits energy at many points along its track.
Furthermore, additional electrons are generated by ionization events. This highlights the
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Fig. 8. Simulation of 100 000 photons emitted from a 4 mm (diameter) disk according to the
energy distribution measured for I-125 seeds used in brachytherapy. The simulated volume
(red box) consists of 10×10×10 cm3 of water vapour at a density of 0.7320 g/cm3. Different
types of interactions are colour-coded as follows: red, photoelectric effect; green, Compton
scattering; blue, Rayleigh scattering.
necessity to include accurate electron interaction data and models into simulation approaches
for medical applications, as is done in the present Monte Carlo model, even if the primary
radiation consists of photons as with I-125.
Fig. 9. Example of a photoelectron trajectory (from lower left to upper right) showing details
about the electron-molecule interactions produced. Collisions are depicted using orange
(ionization), yellow (neutral dissociation), green (electronic excitation), cyan (vibrational
excitation), light blue (rotational excitation), and dark blue (elastic collision). For clarity, only
some of the numerous elastic collisions are shown.
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Fig. 10. Histogram showing the energy deposition by an I-125 source in water vapour at a
density of 0.7320 g/cm3 and supposing parallel photon emission. All contributions for a
given depth are summed. The total energy deposited in the simulated volume (10×10×10
cm3) is normalized to 100%.
Figure 10 depicts the energy deposition (equivalent to the relative depth dose curve)
corresponding to a parallel photon beam of 4 mm diameter penetrating water at a density of
0.7320 g/cm3. Most of the incident energy is lost immediately after entrance into the medium.
58.4% of the total energy is deposited within the first 2 cm, and 90% of the energy is deposited
within 5.1 cm.
I-125 is used for radiotherapy of different tumours including ocular tumours which require
a high spatial precision due to the small dimensions of the treatment volume and the close
proximity of organs at risk such as the optical nerve, eye lens, lachrymal gland, etc. Simulation
with a detailed energy deposition model, including an accurate representation of secondary
electron interactions, thus improves dose calculations and may help to spare healthy tissues
while effectively irradiating the target volume. In order to validate the present approach using
LEPTS/PENELOPE for applications to radiotherapy with photon radiation, further studies
will be aimed at a more realistic simulation of typical clinical cases (prostate/eye cancers),
including exact geometries of radiation sources and of the relevant patient tissues.
5. Conclusions and outlook
We have presented a MC simulation code that introduces improvements in low-energy
particle tracking compared to some other, currently widely used programmes (Kawrakow,
2000; Brown, 2003; Baro´ et al., 1995; Agostinelli, 2003). It offers amolecular-level description of
the different interactions taking place between radiation particles and the traversed medium
as well as a tracking model that follows electrons and positrons until thermalization. By
not using any condensed-history algorithms, a series of problems that have been reported
for other codes (Poon & Verhaegen, 2005; Poon et al., 2005; Bousis et al., 2008) are naturally
excluded. Obviously, however, this also considerably increases the calculational resources
(processing time) needed. Input data are carefully selected for each molecular material to
be simulated and are updated as needed. As a result, the present simulation programme
constitutes a useful tool for incorporating our knowledge on the molecular mechanisms of
radiation damage into macroscopic applications and thus facilitating nanodosimetry.
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Whilst the present simulation LEPTS cannot compete with the computational speed
achieved by the state-of-the-art MC codes currently used for dose calculations in biomedical
applications (particularly, in radiation therapy), its special treatment of low-energy particles
and detailed modelling of inelastic scattering events yields a different view on radiation
damage at the nanoscale by taking into account the molecular nature of the absorber medium.
It could therefore give valuable clues by comparing LEPTS results with the ones obtained by
other codes when considering typical “standard” situations in radiotherapy, radioprotection
or medical imaging techniques (e.g., positron emission tomography). Also, a comparison of
the predicted molecular-level damage due to irradiation in a tissue with the effect caused by
the same irradiation at organic level will be of great interest.
Two examples of application to radiotherapy have been studied, both based on electron
interaction data with water (which represents a good approximation for biological tissues
for many purposes). Other data sets for use with LEPTS existing at the moment include those
describing electron interactions in air (Mun˜oz et al., 2005), methane (CH4, Fuss et al. (2010))
and ethylene (C2H4) (these two for representing simple hydrocarbons, basic building blocks
in biology) and positron interactions in argon and water. A database on electron scattering
by tetrahydrofuran (THF, C4H8O), a molecule interesting due to its strong similarity with
the pentose forming part of nucleotides, is currently in preparation. With these data at our
disposal, positron tracking during PET diagnostics and the simulation of electrons in THF are
the next applications planned for the near future. Furthermore, particle tracking in materials
composed of various different molecules will be carried out.
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